Abstract-Arterial stiffness is recognized as a marker of arterial damage and an indicator of cardiovascular risk. This observational study was conducted to examine the synergistic effect of raised blood pressure (RBP; Ն130/85 mm Hg) and raised plasma glucose (RPG; Ն110 mg/dL) even at levels below those conventionally used to define hypertension and diabetes on the rate of increase of the pulse wave velocity (PWV) over a 3-year period in 2080 Japanese men (age 42Ϯ9 years). First, the subjects were classified into 4 groups based on the presence at the first examination of RBP, RPG, both abnormalities, or neither abnormality. The estimated annual rate of increase of the PWV was higher in subjects with both the abnormalities than in those with either abnormality alone or neither of the 2 abnormalities. Second, the subjects were also classified based on the evolutional status of these abnormalities during the study period; persistence of both of the abnormalities synergistically accelerated the rate of increase of the PWV (68. A rterial stiffness is recognized as a marker of arteriosclerotic arterial damage 1,2 and has been shown to be a predictor of future cardiovascular events. 3,4 Hypertension and diabetes mellitus are major atherogenic factors, they frequently coexist, and when they coexist, they additively increase the risk of life-threatening cardiovascular events. 5 Some cross-sectional studies have demonstrated an increase of arterial stiffness in subjects with either hypertension or glucose intolerance, 6,7 and increased arterial stiffness is associated with an increased risk of cardiovascular events, both in subjects with hypertension and in those with diabetes mellitus or glucose intolerance. 3, 4 Recent studies have demonstrated that values even below those defining the presence of hypertension and diabetes mellitus [raised blood pressure (RBP): Ն130/85 mm Hg and raised plasma glucose (RPG): Ն110 mg/dL] are also predictors of future cardiovascular events. 8, 9 However, no studies until now have evaluated the effects of RBP, RPG, and the coexistence of both disorders on the rate of progression of arterial stiffening.
A rterial stiffness is recognized as a marker of arteriosclerotic arterial damage 1, 2 and has been shown to be a predictor of future cardiovascular events. 3, 4 Hypertension and diabetes mellitus are major atherogenic factors, they frequently coexist, and when they coexist, they additively increase the risk of life-threatening cardiovascular events. 5 Some cross-sectional studies have demonstrated an increase of arterial stiffness in subjects with either hypertension or glucose intolerance, 6, 7 and increased arterial stiffness is associated with an increased risk of cardiovascular events, both in subjects with hypertension and in those with diabetes mellitus or glucose intolerance. 3, 4 Recent studies have demonstrated that values even below those defining the presence of hypertension and diabetes mellitus [raised blood pressure (RBP): Ն130/85 mm Hg and raised plasma glucose (RPG): Ն110 mg/dL] are also predictors of future cardiovascular events. 8, 9 However, no studies until now have evaluated the effects of RBP, RPG, and the coexistence of both disorders on the rate of progression of arterial stiffening.
In this observational cohort study of Japanese men, we succeeded in recording the brachial-ankle pulse wave velocity (PWV) twice in 2 examinations conducted at an interval of 3 years. Then, we examined whether the presence of RBP alone, RPG alone, and the coexistence of both at the first examination in this study predicted an acceleration of the rate of increase of the brachial-ankle PWV and whether the persistence of either or both disorders during the study period additionally affected the rate of increase of the brachial-ankle PWV.
Methods

Design and Subjects
This observational study was performed on the Japanese male employees of a single large construction company. The routine annual health checkup included evaluation of the atherosclerotic risk factors (body mass index [BMI] , serum levels of triglycerides [TG] , high-density lipoprotein cholesterol [HDL] , total cholesterol [TC], fasting plasma glucose, and blood pressure), the smoking status (current smokers versus nonsmokers), and habitual alcohol intake status (0 [nondrinker group], 1 to 14 g/day [light alcohol intake group], 15 to 29 g/day [moderate alcohol intake group], and Ͼ30 g/day [heavy alcohol intake group]) were assessed using a selfadministered questionnaire. For this study, in addition to the routine tests, brachial-ankle PWV measurements were also conducted on 2 occasions, that is, at the beginning (the first examination) and at the end of the 3-year study period (the second examination). Some parts of this prospective study protocol are described elsewhere, 10 and this protocol was initiated in the year 2000. Subjects with positive atherosclerotic risk factors (BMI Ն25, TG Ն150 mg/dL, HDL Ͻ40 mg/dL, fasting plasma glucose Ն126 mg/dL, blood pressure Ն140/ 90 mm Hg, and TC Ն240 mg/dL) were treated in accordance with the guidelines of the Japanese societies of atherosclerosis, 11 diabetes mellitus, 12 and hypertension. 13 Subjects with the above-mentioned abnormalities were advised to visit the healthcare center of their construction company as a first step, and a management plan was drawn for each subject. The patients were provided guidance in regard to therapeutic lifestyle modifications by the doctor, nurse, and nutritionist team at the healthcare center. In the subjects that were judged as needing medication for the abnormalities, appropriate medication was prescribed at either the healthcare center or at other clinics; each patient was given the freedom to choose his/her own doctor for such treatment.
Subjects meeting the following criteria were considered to be ineligible for the study: an ankle/brachial systolic blood pressure index (ABI) of Ͻ0.95, atrial fibrillation, and/or those undergoing regular hemodialysis. The reliability of the brachial-ankle PWV measurements in the presence of these conditions is subject to question. 1, 2, 14, 15 In addition, subjects who were receiving medication for hypertension, dyslipidemia, diabetes mellitus, heart disease, and/or stroke were also excluded from this study, because the drugs used in the treatment of these diseases have been recognized to affect the PWV. 1,2 Verbal informed consent was obtained from all of the participants before their participation in this study. This verbal informed consent and the study protocol were approved by the Ethical Guidelines Committee of Tokyo Medical University.
Measurements PWV
The brachial-ankle PWV was measured using a volumeplethysmographic apparatus (Form/ABI, Colin Co. Ltd) in accordance with a methodology described previously. 9, 14, 15 The measurement was conducted after the subject had rested for Ն5 minutes in the supine position in an air-conditioned room (24 to 26°C) earmarked exclusively for this purpose. Details of measurement of the brachial-ankle PWV are described in the data supplement available online at http://www.hypertensionaha.org.
Laboratory Measurements
The TG, HDL, TC, fasting plasma glucose, and plasma creatinine levels were measured using enzymatic methods (Falco Biosystems Co Ltd). All of the blood samples were obtained in the morning after the patients had fasted overnight.
Blood Pressure and Heart Rate Measurements
Blood pressure was determined as the mean of 2 measurements obtained in an office setting by the conventional cuff method using a mercury sphygmomanometer. To adjust the brachial-ankle PWV for the blood pressure, the heart rate and mean arterial pressure simultaneously obtained during measurement of the brachial-ankle PWV were used; the blood pressure was recorded simultaneously from the right arm and the left arm using an oscillometric method, and the blood pressure variables were calculated as the means of the values measured for the right arm and the left arm. Then, the mean arterial pressure was calculated as the diastolic pressureϩ(pulse pressureϫ1/3) as a continuous variable.
Definitions of RBP and RPG
It is known that even subjects with high normal blood pressure are at an increased risk for coronary heart disease compared with those with average values 8 and that a blood pressure Ն130/85 mm Hg is defined as RBP. 8, 16 The subjects of this study were classified into 4 groups based on the evolutional status of the RBP between the 2 examinations, as follows: persistence of RBP, defined as detection of RBP at both the first and the second examinations; newly detection of RBP, defined as detection of RBP only at the second examination; regression of RBP, defined as detection of RBP only at the first examination; and absence of RBP, defined as no detection of RBP at either the first or the second examination.
It is has been noted that impaired fasting glucose is usually an indicator of insulin resistance, 17 and RPG has been defined as a fasting plasma glucose level Ն110 mg/dL. 9, 16, 17 A similar classification as RBP was applied for the changes in their RPG status between the 2 examinations The subjects were also classified based on the evolutional status of RPG during the study period in a way similar to that of the evolutional status of RBP described above.
At the healthcare center of this construction company, blood pressure Ն140/90 mm Hg and/or fasting plasma glucose Ͼ125 mg/dL were defined as criteria to advise the patient to seek treatment for hypertension and/or diabetes mellitus. Thus, the definitions of RBP and RPG for this study were set at lower levels.
Statistical Analysis
Data were expressed as meanϮSD. Error bars are depicted in the figures. The significance of differences in the values of the variables between the first and the second examinations in each group was assessed by the paired t test. For assessment of the significance of differences in the status of each variable among the groups, a 1-way analysis of variance with Scheffe's adjustment was applied for continuous variables, and the 2 test was applied for categorical variables.
Then, the differences in the estimated annual rate of increase of the brachial-ankle PWV ([value at the second examinationϪvalue at the first examination]/3 [years]) were compared among the 4 groups of patients classified on the basis of the presence of RBP alone, RPG alone, both abnormalities, or neither abnormality at the first examination, as well as among the 4 groups classified based on the evolutional status of the RBP and RPG during the study period (persistence of RBP, regression of RBP, new detection of RBP, absence of RBP at either examination/persistence of RPG, regression of RPG, new detection of RPG, and absence of RPG at either examination), and across 4 groups of patients classified based on the presence/absence of persistence of RBP and that of RPG during the study period (coexistence of persistence of RBP and that of RPG, persistence of RBP alone, persistence of RPG alone, and persistence of neither abnormality) by analysis of covariance.
This analysis was performed with adjustments for the control of covariates that have been reported to affect the PWV in previous reports 1, 2, 14, 15, 18, 19 {continuous variables (values at the first examination [age, BMI, brachial-ankle PWV, mean arterial pressure and heart rate recorded during measurement of the brachial-ankle PWV, TC, TG, HDL, fasting plasma glucose, and serum creatinine] and changes in the BMI, mean arterial pressure and heart rate recorded during measurement of the brachial-ankle PWV, TC, TG, HDL, fasting plasma glucose, and serum creatinine during the study period) and categorical variables [smoking status and alcohol intake at the first examination and the change in the smoking status and alcohol intake during the study period]}. In addition, to evaluate whether higher levels of blood pressure and/or fasting plasma glucose than the levels defined initially as RBP and/or RPG for this study might additionally increase the rate of progression of arterial stiffening, the estimated annual rate of increase of the brachial-ankle PWV was compared among the following groups: subjects with blood pressure levels between 135/85 and 140/90 mm Hg versus those with blood pressure levels Ն140/90 mm Hg; subjects with fasting plasma glucose levels between 110 and 126 mg/dL versus those with fasting plasma glucose Ն126 mg/dL; and subjects with coexistence of blood pressure levels between 135/85 and 140/90 mm Hg and fasting plasma glucose levels between 110 and 126 mg/dL versus those with the coexistence of blood pressure levels Ն140/ 90 mm Hg and fasting plasma glucose levels Ն126 mg/dL.
For the presence of RBP and that of RPG at the first examination, a general linear model (GLM) multivariate analysis, controlling for the above-mentioned covariates potentially affecting the PWV, was conducted to identify the independence/interaction of the 2 factors on the estimated annual rate of increase of the brachial-ankle PWV. The same analysis was also applied to identify the effect of persistence of RBP and that of RPG during the study period on the estimated annual rate of increase of the brachial-ankle PWV.
All of the analyses were conducted using the SPSS software for Windows, version 11.0J (SPSS). A P value of Ͻ0.05 was considered to denote statistical significance.
Results
During the 3-year period from May 2000 to December 2004, brachial-ankle PWV measurements and other demographic and laboratory examinations were successfully conducted on 2 occasions in a total of 2389 Japanese male subjects. The subjects ranged in age from 29 to 76 years. At the first examination, 4 subjects had an ABI of Ͻ0.95; 5 subjects had atrial fibrillation; 4 subjects were undergoing regular hemodialysis; and 194 were under medication for hypertension, dyslipidemia, diabetes mellitus, heart disease, or stroke and were excluded from the analysis. During the study period (spanning the first and second examinations), 3 subjects were newly diagnosed to have atrial fibrillation, and 99 subjects were started on medication for Ն1 of the above-mentioned diseases. Finally, 2080 subjects could be successfully included for the present analysis. The estimated annual rate of increase of the brachial-ankle PWV in the groups classified based on the presence of RBP, RPG, both, or neither at the first examination. ϩ indicates presence at the first examination; Ϫ, absence at the first examination; *PϽ0.01 vs that in the group with the absence of either abnormality; †PϽ0.01 vs that in the group with RBP alone; ‡PϽ0.01 vs that in the group with RPG alone (assessed by analysis of covariance with adjustments). 
Absence of disorder 1st indicates absence of RBP and RPG at the 1st examination; presence of RBP 1st, presence of RBP at the 1st examination; presence of RPG 1st, presence of RPG at the 1st examination; coexistence of both 1st, coexistence of the presence of RBP and RPG at the 1st examination; 1st, the 1st examination; 2nd, the 2nd examination; SBP, systolic blood pressure obtained in an office setting; DBP, diastolic blood pressure obtained in an office setting; FPG, fasting plasma glucose; baPWV, brachial-ankle PWV.
*PϽ0.01 vs that at the 1st examination. †PϽ0.01 vs that in the group with absence of disorder 1st. ‡PϽ0.01 vs that in the group with presence of RBP 1st. §PϽ0.01 vs that in the group with presence of RPG 1st (assessed by 1-way ANOVA with Scheffe's adjustment or the 2 test). Table 1 and Figure 1 show the clinical characteristics and the estimated mean annual rate of increase of the brachial-ankle PWV in the 4 groups of patients classified based on the presence/absence of RBP and/or RPG at the first examination. A significant elevation of the annual rate of increase of the brachial-ankle PWV was observed in the group with the concomitant presence of both RBP and RPG as compared with that in the other 3 groups ( Figure  1) . However, higher levels of blood pressure and/or fasting plasma glucose than the levels defined initially as RBP and/or RPG for the study did not additionally increase the rate of arterial stiffening. ՅThe estimated annual rates of increase of the brachial-ankle PWV in the groups were as follows: subjects with blood pressure levels between 135/85 and 140/90 mm Hg, 12.0Ϯ2.8 cm/s per year (nϭ464) versus subjects with blood pressure levels Ն140/ 90 mm Hg, 11.8Ϯ2.3 cm/s per year (nϭ333; P value not significant); subjects with fasting plasma glucose levels between 110 and 126 mg/dL, 24.7Ϯ7.5 cm/s per year (nϭ56) versus subjects with fasting plasma glucose levels Ն126 mg/dL, 20.2Ϯ6.1 cm/s per year (nϭ41; P value not significant); and subjects with coexistence of blood pressure levels between 135/85 and 140/90 mm Hg and fasting plasma glucose levels between 110 and Ͻ126 mg/dL: 27.3Ϯ7.0 cm/s per year (nϭ38) versus subjects with the coexistence of blood pressure levels Ն140/90 mm Hg and fasting plasma glucose levels Ն126 mg/dL, 27.4Ϯ11.6 cm/s per year (nϭ18; P value not significant)].
The results of the GLM multivariate analysis with and without the term of the interaction between the presence of RBP at first examination and the presence of RPG at first examination in relation to the annual rate of increase of the At 1st EX indicates at the 1st examination; RPG, raised fasting plasma glucose; baPWV, brachial-ankle PWV; FPG, fasting plasma glucose; Cr, serum creatinine; Del, change in the continuous variable during the study period; Chg, change in the categorical variable during the study period.
brachial-ankle PWV adjusted for the covariates affecting the PWV are depicted in Table 2 . The presence RPG at the first examination was a significant and independent risk factor predictive of an accelerated increase of the brachial-ankle PWV, and the presence of RBP at the first examination was marginally significant. To test the synergistic effect of the presence of RBP and that of RPG, the interaction between the presence of RBP and that of RPG at the first examination was introduced to the same model, which turned out to be significant. Table 3 shows the clinical characteristics of the 4 groups of patients classified based on the evolutional status of the RBP and the RPG during the study period. The estimated annual rate of increase of the brachial-ankle PWV was higher in the group with persistence of RBP than in the groups with absence of RBP or regression of RBP (Figure 2A ). This value was higher in the group with persistence of RPG than in the other 3 groups ( Figure 2B ). Table 4 shows the clinical characteristics of the 4 groups of patients classified based on the persistence of RBP and/or RPG during the study period. The estimated mean annual rate of increase of the brachial-ankle PWV in these 4 groups is illustrated in Figure 3 . The persistence of both RBP and RPG was associated with a marked increase in the estimated annual rate of increase of the brachial-ankle PWV as compared with the independent effects of the persistence of either persistence of RBP or that of RPG abnormality alone. These results suggest synergistic effects of persistence of both RBP and RPG during the study period on the rate of progression of arterial stiffening.
The results of the GLM multivariate analysis with and without the term of the interaction between the persistence of RBP during the study period and the persistence of RPG during the study period in relation to the annual rate of increase of the brachial-ankle PWV adjusted for the covariates affecting the PWV are depicted in Table 5 . The persistence of RBP and that of RPG during the study period were found to be significant and independent variables predictive of acceleration of the annual rate of increase of the brachial- The definition of absence, regression, new detection, and persistence were described in text, and other abbreviations are the same as those in Table 1 ankle PWV. To test the synergistic effect of persistence of RBP and that of RPG, the interaction between persistence of RBP and that of RPG at the first examination was introduced to the same model, which turned out to be significant.
Discussion
The results of the present study demonstrated that the coexistence of RBP and RPG at the first examination was a predictor of the progression of arterial stiffening in a middleaged Japanese male cohort. In addition, it also demonstrated that the estimated rate of progression of arterial stiffening was accelerated in the event of persistence of RBP alone or RPG alone during the study period and even further synergistically accelerated when both the disorders persisted during the study period. These observed phenomena were independent of the mean blood pressure. Although increased distension of the arterial wall caused by increased blood pressure (functional stiffening) is considered one of the major determinants of increased arterial stiffness, 1,2,15,20,21 pressure-independent mechanisms (arteriosclerotic changes) have also been shown to contribute to arterial stiffening. 1, 2, 20, 21 The present results suggest that the persistence of both RBP and RPG synergistically lead to the progression of arteriosclerotic arterial damage. Hypertrophy of the tunica media of the arteries, the renin-angiotensin system, and endothelial dysfunction are all thought to contribute significantly to the arterial stiffening in cases of hypertension. 1,2,21 Hyperglycemia and hyperinsulinemia have been shown to directly or indirectly (ie, via accumulation of advanced glycation end products, endothelial dysfunction, and alterations of the activities of vasoactive substances) cause stiffening of the arteries. 1, 2, 20, 21 In addition, in both the presence of RBP and that of RPG, increased oxidative stress and/or activation of vascular inflammation may directly cause stiffening of the arteries. 2, 20, 21 All of these aforementioned mechanisms represent pressure-independent mechanisms of arterial stiffening. In the present study, the results of the GLM analysis suggested that the coexistence of RBP and RPG, rather than the presence of either abnormality alone, caused acceleration of arterial stiffening. Worsening of endothelial dysfunction has been demonstrated in the concomitant presence of hypertension and abnormal glucose tolerance. 22 The results of a recent study suggested that the coexistence of diabetes mellitus and hypertension augmented the production of advanced glycation end products. 23 Additional studies are proposed to clarify the underlying mechanisms of the synergistic effects of the 2 abnormalities, even in their early stage, on the accelerated progression of structural arterial stiffening. The mechanisms underlying the association of increased PWV with elevated cardiovascular risk, in which increased central aortic stiffness has been shown to play a key role, are described elsewhere. 1, 2, 20, 21 It is believed that the brachialankle PWV reflects the stiffness of not only the central, but also the peripheral, arterial components, 10, 15 because it has been shown to bear a close correlation with the aortic PWV, 15 which is a known marker of cardiovascular risk. [1] [2] [3] [4] 20, 21 On the other hand, increased peripheral arterial stiffness has also been shown to be associated with an increased cardiovascular risk. 24 Furthermore, a recent study conducted by us demonstrated that the brachial-ankle PWV may be a predictor of future cardiovascular events in subjects with acute coronary syndromes. 25 Therefore, it is possible that the concomitant presence of the abnormalities, even at levels below those conventionally used to define hypertension and diabetes mellitus, respectively, may additionally increase the cardiovascular risk, at least in part, by causing synergistic acceleration of arterial stiffening.
It must be pointed out, however, that the study has some limitations, as described below. First, attention has been paid recently to the metabolic syndrome as a potent atherogenic state, and the presence of this syndrome has been reported to be associated with poor cardiovascular outcomes. 16 Although several studies have suggested that central obesity has a key role in the elevated cardiovascular risk associated with the metabolic syndrome, 16, 26 the waist circumference, which is a robust marker of central obesity, 16 was not measured in this study. A cross-sectional study demonstrated the association between central obesity and arterial stiffness. 27 Therefore, the significance of central obesity as the determinant of the rate of progression of arterial stiffening should be evaluated in future studies. Second, as mentioned above, central, rather than peripheral arterial stiffness is thought to play a major role in the increased cardiovascular risk related to increased arterial stiffness. 1, 2, 20, 21 Therefore, additional studies are proposed to confirm the present results using a more robust marker of central arterial stiffness than the brachial-ankle PWV, such as the carotid-femoral PWV or augmentation index. 1, 2, 20, 21 Third, the subjects of the study were restricted to Japanese men, and additional studies including female subjects and subjects of other ethnicities are needed to confirm the findings. Fourth, in this study protocol, therapeutic lifestyle modifications and medication were advised only for subjects with hypertension (blood pressure Ͼ140/90 mm Hg) and diabetes mellitus (fasting blood glucose Ͼ126 mg/dL) and not for those with RBP (blood pressure Ͼ130/85 mm Hg) or RPG (fasting blood glucose Ͼ110 mg/dL). Thus, the effects of therapeutic approaches, including medication, for RBP and RPG on the progression of arterial stiffening must also be examined in future studies.
Perspectives
The present observational study demonstrated that the coexistence of both RBP and RPG at the first examination was a predictor of the progression of arterial stiffening. Furthermore, in relation to the evolutional changes of the 2 disorders during the study period, the persistence of both RBP alone and RPG alone significantly accelerated the progression of Figure 3 . The estimated annual rate of increase of the brachial-ankle PWV in the groups classified based on the persistence of RBP, RPG, both, or neither during the study period. ϩ indicates persistence of the abnormality during the study period (detected at both the first and the second examination); Ϫ, no persistence of the abnormality during the study period; *PϽ0.01 vs that in the group with persistence of neither abnormality; †PϽ0.01 vs that in the group with persistence of RBP alone; ‡PϽ0.01 vs that in the group with persistence of RPG alone (assessed by analysis of covariance with adjustments).
arterial stiffening, and the persistence of both synergistically increased the rate of progression of arterial stiffening even more. Pressure-independent mechanisms were also surmised to contribute, at least in part, to these results. Thus, blood pressure and fasting plasma glucose levels even below those defining hypertension and diabetes mellitus, respectively, may synergistically lead to progression of arteriosclerotic arterial damage. This synergistic progression may contribute to the additive increases in the risk of cardiovascular events, at least in part. Therefore, the present study strengthens the necessity of advising therapeutic lifestyle modifications for subjects with the coexistence of above disorders. perRBP indicates persistence of RBP during the study period; perRPG, persistence of raised fasting plasma glucose during the study period; at 1st EX, at the 1st examination; baPWV, brachial-ankle PWV; FPG, fasting plasma glucose; Cr, serum creatinine; Del, change in the continuous variable during the study period; Chg, change in the categorical variable during the study period.
